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(57) ABSTRACT

Systems and methods for generating a high voltage pulse. A
series ol voltage cells are connected such that charging
capacitors can be charged in parallel and discharged in
series. Hach cell includes a main switch and a return switch.
When the main switches are turned on, the capacitors in the
cells are 1n series and discharge. When the main switches are
turned ofl and the return switches are turned on, the capaci-
tors charge in parallel. One or more of the cells can be
iactive without preventing a pulse from being generated.
The amplitude, duration, rise time, and fall time can be
controlled with the voltage cells. Each voltage cell may also
include a balance network to match the stray capacitance
seen by each voltage cell. Droop compensation 1s also
enabled. Isolation diodes ensure that a discharge current can
bypass 1noperable voltage cells.
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HIGH VOLTAGE PULSED POWER SUPPLY USING
SOLID STATE SWITCHES WITH VOLTAGE CELL
ISOLATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 10/838,600 filed May 4, 2004
and entitled, HIGH VOLTAGE PULSED POWER SUPPLY
USING SOLID STATE SWITCHES, which application 1s

incorporated herein by reference 1n 1ts entirety.

BACKGROUND OF THE INVENTION

0002] 1. The Field of the Invention

0003] The present invention relates to systems and meth-
ods for generating high voltage pulses. More particularly,
the present invention relates to systems and methods for
generating high voltage pulses controlled by solid state
switches.

0004] 2. Background and Relevant Art

0005] Many applications need a pulsed power supply that
1s able to deliver high wvoltage pulses. Spectrometers,
klystrons, accelerators, radar transmitters, high impedance
clectron guns, 1on tubes, liquid polanizing cells, etc., are
examples of applications that need high voltage pulses. In
conventional systems, a pulsed power supply uses a high
voltage pulse forming network and some sort of switch such
as a spark gap or a thyratron.

[0006] These types of pulsed power supplies are often
created using principles of Marx Generators. Generally, a
Marx Generator 1s circuitry that generates a voltage pulse by
charging a group of capacitors 1n parallel and then discharg-
ing the capacitors in series. FIG. 1 illustrates an example of
a typical Marx Generator. In FIG. 1, a charging voltage 101
1s applied to a pulse forming network 100. The stage
capacitors 104 charge through the resistors 102 1n a parallel
tashion. The spark gaps 106 prevent the capacitors 104 from
discharging into a load 108 until certain conditions are
satisfied.

[0007] When the capacitors 104 are sufficiently charged.,
the lowest gap 1s typically allowed to break down or 1s
triggered. When the lowest gap breaks down or triggers, two
capacitors are ellectively 1n series and the next gap breaks
down. Very quickly, all of the gaps break down. The result
of this process 1s that the capacitors 104 are connected 1n
series and a voltage pulse 1s generated and delivered to the
load 108. The capacitors 104 of a Marx Generator may also
be charged using inductors or a series of transformers. In
another example, the resistors 102 are replaced with induc-
tors. The spark gaps can alternatively be replaced, for
example, with switches such as thyratrons.

[0008] Because a Marx Generator is charged in parallel,
the magnitude of the voltage pulse can be increased by
adding additional charging sections. However, 1t has been
found that the number of sections that can be stacked
together 1s effectively limited by stray capacitance. As the
number of sections in the pulse forming network increases,
the stray capacitance to ground also increases. One of the
ellects of stray capacitance 1s that the current 1s diverted to
ground. The stray capacitance also has an adverse aflect on
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the rise time and/or fall times of the voltage pulse. The stray
capacitance therefore limits the number of sections that can
be mcluded 1n the pulse generator.

[0009] The stray capacitance can also have an impact on
the voltage that a particular section sees. In addition, the
stray capacitance seen by one section i1s usually different
from the stray capacitance seen by another section of the
Marx Generator. Because the stray capacitance 1s not bal-
anced across the sections of the pulse generator, some of the
sections may experience higher voltages and may therefore
maltfunction. Although most systems are aflected by stray
capacitance, the inductors, resistors, transformers, and 1so-
lated supplied needed to charge the capacitors 1n the pulse
generator also add stray capacitance to the pulse generator.
In other words, the components of conventional pulse gen-
erators introduce additional stray capacitance to the system
and further reduce the number of sections that can be
successiully connected together.

[0010] Because Marx Generators are often used to gener-
ate high voltages, they can be quite large 1n both size and
weight. In addition, a Marx Generator that generates hun-
dreds of kilovolts should be using oil. Oil 1s typically
necessary, but 1s often undesirable. Conventional pulsed
power supplies or Marx Generators are oiten large and
expensive, are limited by stray capacitance, and use com-
ponents (such as thyratrons) that reduce their reliability.

BRIEF SUMMARY OF THE INVENTION

[0011] These and other limitations are overcome by
embodiments of the present invention, which relates to
systems and methods for generating a voltage pulse. In one
embodiment of the invention, a series voltage cells with
relatively low voltage requirements can be stacked together
in series, each voltage cell including a capacitor connected
in series with a switch (such as a solid state switch) that can
be turned on and off. When multiple voltage cells are
connected to form a pulse generator, the capacitors of the
voltage cells are charged 1n parallel and discharged in series
using one or more switches. Main switches are used at least
to discharge the capacitors and return switches are used at
least to charge the capacitors.

[0012] When the voltage cells are stacked, for example,
the capacitors and main switches are connected in series.
The capacitors are 1solated from each other by the main
switches which are turned ofl. When the main switches are
on, the capacitors are connected 1n series and a voltage pulse
1s generated. When the main switches are off, the return
switches may be turned on and provide a return path for the
current that charges the capacitors in the voltage cells. Thus,
the return switches are ofl when the main switches are on
such that the capacitors discharge to the load. Advanta-
geously, the capacitors can be charged without the use of
inductors, resistors, or i1solated supplies, thereby reducing
some of the stray capacitance associated with conventional
Marx Generators. In addition, the switches can be driven by
use of an auxiliary supply without using inductors, resistors,
1solated supplies, or step down supplies.

[0013] The capacitors in each voltage cell can be charged
through a diode string supply line. A return path for the
charging current 1s provided through return switches. When
the capacitors are charging or are charged, main switches
placed between successive capacitors are 1n an ofl state and
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prevent the capacitors from discharging in series. When the
main switches are turned on, the capacitors are then con-
nected 1n series and discharge. During discharge, the return
switches are turned ofl. To recharge the capacitors, the main
switches are turned ofl and the return switches are turned
back on. The return switches can also be turned on during
discharge to help, in one embodiment, decrease the fall time
ol the pulse by providing a path for the stray capacitance to
discharge.

[0014] The voltage cells can also be configured to generate
cither a positive or a negative voltage pulse. In one embodi-
ment, a bipolar pulse generator has a capacitor bank that
includes a series of voltage cells configured to generate a
positive pulse can be connected with a capacitor bank that
includes a series of voltage cells configured to generate a
negative pulse. This bipolar pulse generator can charge all of
the capacitors in both sets of voltage cells at the same time.
The switches 1n the respective capacitor banks can be
controlled to discharge one set of capacitors to generate
either the positive or the negative pulse. In addition, voltage
cells that are configured to charge 1n series can be added to
provide droop control and control the shape of the generated
voltage pulse.

[0015] Each voltage cell may also include a balance
network that balances the stray capacitance seen by that
voltage cell. Because each voltage cell 1n a series of voltage
cells “sees” a diflerent stray capacitance, the balance net-
works can be adapted to match the stray capacitance seen by
the voltage cells. This has the benefit of balancing the
voltage seen by each cell.

[0016] The voltage cells can be used to adjust the voltage
pulse by controlling which voltage cells are active. In other
words, one or more of the voltage cells can be made mactive
to alter the voltage pulse without affecting the ability to
generate the voltage pulse. At the same time, the failure of
a particular cell does not prevent the pulse generator from
pulsing. Thus, embodiments of the present invention can
control the amplitude of the voltage pulse, a duration or
width of the voltage pulse, the rise and fall times of the
voltage pulse, and the like or any combination thereof

[0017] In one embodiment of a pulse generator, some of
the voltage cells can further be configured to include a
ringing circuit that can be used to provide droop correction.
The circuit can provide droop compensation or droop cor-
rection to the output of the pulse generator such that the
droop correction 1s smooth rather than jagged or saw-
toothed. The ringing circuit includes capacitors that charge
in series and then discharge in parallel to a ringing capacitor,
which 1s able to discharge in a manner to provide smooth
droop compensation or correction.

[0018] In another embodiment of the invention, the volt-
age cells provide 1solation protection. For example, 1f a
particular voltage cell fails, then that cell can be isolated
without 1mpacting the ability of the pulse generator to
generate and deliver a pulse to a load. Each voltage cell
typically includes a diode across the return switch. If the
main switch 1s ofl, then the discharge current can flow
through this diode and the cell 1s effectively 1solated.

[0019] Additional features and advantages of the inven-
tion will be set forth 1n the description which follows, and
in part will be obvious from the description, or may be
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learned by the practice of the invention. The features and
advantages of the invention may be realized and obtained by
means of the mstruments and combinations particularly
pointed out 1n the appended claims. These and other features
of the present mnvention will become more fully apparent
from the following description and appended claims, or may
be learned by the practice of the invention as set forth
hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0020] In order to describe the manner in which the
above-recited and other advantages and features of the
invention can be obtained, a more particular description of
the invention briefly described above will be rendered by
reference to specific embodiments thereol which are illus-
trated 1n the appended drawings. Understanding that these
drawings depict only typical embodiments of the invention
and are not therefore to be considered to be limiting of 1ts
scope, the mvention will be described and explained with
additional specificity and detail through the use of the
accompanying drawings 1n which:

10021] FIG. 1 illustrates an example of a Marx Generator
that uses spark gaps to generate a voltage pulse;

10022] FIG. 2 illustrates one embodiment of a pulse gen-
erator that uses switches to control a series of voltage cells;

[10023] FIG. 3A illustrates a series of voltage cells and
illustrates a main switch used to connect the capacitors in the
voltage cells 1n series and return switches that provide a
return path for a charging current.

10024] FIG. 3B 1s a more detailed diagram of one embodi-
ment of a pulse generator and illustrates the path of the
charging current for each voltage cell through a diode string
supply and 1illustrates a diode string to provide auxiliary
power to the switch drives.

[0025] FIG. 4 illustrates one embodiment of a series of
voltage cells arranged to generate a positive voltage pulse;

[0026] FIG. 5 illustrates one embodiment of a series of
voltage cells arranged to generate a negative voltage pulse;

[10027] FIG. 6 illustrates an embodiment of a pulse gen-
erator that can generate both positive and negative pulses;

[10028] FIG. 7 illustrates another embodiment of a pulse
generator that includes voltage cells arranged to provide
droop control for the voltage pulse;

[10029] FIGS. 8A through 8D illustrates an embodiment of

a portion of a pulse generator that provides droop control 1n
a pulse generator.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENTS

(L]

[0030] The present invention relates to systems and meth-
ods for generating a voltage pulse. Embodiments of the
invention can control an amplitude of the voltage pulse, a
duration or width of the voltage pulse, a rise time of the
voltage pulse, a fall time of the voltage pulse, and the like
or any combination therecolf Some embodiments of the
invention can generate and deliver a voltage pulse without
the use of transformers.
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10031] Embodiments of the invention include voltage cells
that typically have both a capacitor and a switch 1n series.
The first and last voltage cells 1n a series of voltage cells may
be adapted to connect to the load. Return switches are also
included 1n most voltage cells. The return switches provide
a path for the charging current supplied through a diode
chain or a diode chain supply line. Advantageously, the
return switches eliminate the use of inductors, resistors, and
1solated supplies prevalent in conventional pulse generators.
The switch drives may also provided with energy through an
auxiliary diode chain, thereby ecliminating the need for
inductors, resistors, 1solated supplies, and step down sup-
plies that would otherwise be needed to provide the auxiliary
power to the switch drives. Also, the elimination of these
components reduces the stray capacitance to ground asso-
ciated with the systems and methods described herein,
which enables more voltage cells or sections to be stacked
1n series.

10032] FIG. 2 illustrates a block diagram of one embodi-
ment of a pulse generator or system for generating and
delivering a high voltage pulse to a load. More particularly,
the system 200 generates and delivers a high voltage pulse
to the load 206. In the system 200, a switched capacitor bank
202 includes one or more capacitor or voltage cells 210 that
are typically arranged in series. The voltage cells 210 are
used to store the energy that 1s delivered to the load 206 as
a voltage pulse.

[0033] The voltage cells 210 are typically associated with
switches 212 that are controlled by the switch drivers 204.
By controlling the control signals 208, the switch drivers
204 can turn the switches 212 on/off. The state of the
switches 212, determines whether the voltage cells 210 are
charging or discharging through the load 206. In one
embodiment, the switches can be switched on and or off at
particular times. The timing of the control signals 208 can
alter the rise time of the voltage pulse, the fall time of the
voltage pulse, and the like. Some embodiments of the
invention also enable the wavetform to be shaped or other-
wise controlled.

[0034] In one embodiment, the effects of stray capacitance
are reduced such that more voltage cells can be connected 1n
series. Because more voltage cells can be connected 1n
series, a lower voltage source can be used to generate a
larger voltage pulse. Also, the switch drivers can be rated for
lower voltages. As a result, the cost and size of the pulse
generator are typically reduced.

[0035] In one embodiment of the system 200, the voltage
cells are charged in parallel and discharged in series by
controlling the state of the switches 212. One of the advan-
tages of the system 200 1s that one or more of the voltage
cells 210 can fail without preventing the system 200 from
delivering a high voltage pulse to the load 206. The system
200 can be configured to deliver a positive voltage pulse,
deliver a negative voltage pulse, or deliver either a positive
or negative voltage pulse (bipolar output). In addition, the
control signals 208 can be used to control a duration of the
voltage pulse, a magnitude of the voltage pulse, a rise time
of the voltage pulse, and the like or any combination thereof.
The control signals may be optically coupled to the switch
drivers 204 in one embodiment.

10036] FIG. 3A illustrates a diagram of one embodiment
of a system for storing and/or delivering a high voltage pulse
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to a load. More particularly, F1G. 3 A 1llustrates a few voltage
cells connected 1n series, but one of skill in the art can
appreciate the more or fewer voltage cells can be included.
Each voltage cell 1s similarly configured and operate
together to (1) charge the capacitors 1 parallel or indepen-
dently of other voltage cells and (11) discharge the capacitors
1n series.

[0037] For example, the voltage cell 362 includes, in this
example, a capacitor 366 that 1s used to store a charge. At the
same time, the capacitor 378 1n the voltage cell 374 1s also
storing a charge. When storing a charge, the switches 364
and 376 (and similar switches in other voltage cells) are off.
Thus, the capacitors 366 and 378 can charge in parallel or
independently.

[0038] The capacitors 366 and 378 are charged by the
supply line 388 and because the switches 364 and 376 are
ofl, the return switches 368 and 380 are turned on to provide
a return path for the charging current provided through the
supply line 388. As illustrated in FIG. 3B, the supply line
388 1s a diode string and typically includes one or more
diodes to separate the voltage cells. The switch drives 370
and 382 control the state of the switches 364 and 376,
respectively. The switch drives 372 and 384 control the state
of the return switches 368 and 380, respectively. The control
lines 390 can be used to control the states of the switches

364, 376 and the states of the return switches 368, 380.

[0039] When the switches 364, 376 are turned on and the
return switches 368, 380 are turned ofl, then the capacitors
366, 378 are connected and discharge in series to the load
392. In other words, connecting and discharging the capaci-
tors 366, 378 1n series generates a high voltage pulse that 1s
applied to the load 392. Turming ofl the switches 364, 376
can terminate the pulse. Thus, the duration of the pulse can
be controlled through controlling the switches 364, 376. If a
particular voltage cell 1s non-functional, the supply line 388
1s an example of the path that the current can follow during
delivery of the pulse. In other words, a non-functional
voltage cell does not prevent a pulse from being generated
or delivered to the load 392. In another embodiment, a diode
1s placed across the switch. The diode may only provide a
discharge path when the switch 364, 376 1s inoperative, for
example. Thus, the switch 364, 376 can still 1solate the
capacitors in the voltage cells as the capacitors 366, 378 are
charged.

10040] FIG. 3B illustrates one embodiment of a high
voltage pulse generator. This embodiment includes three
voltage cells, but as previously stated, one of skill 1n the art
can appreciate that more or fewer stages can be included. In
this example, the capacitors 310, 314, and 318 store charge.
Charge 1s stored by turning the switches 308, 312, and 316
to an off state.

[0041] When charging the capacitors 310, 314, and 318,
the return switches 332, 334, and 336 are 1n an on state and
the main switches 308, 312, and 316 are ofl. The path 326
illustrates a path of the current from the power supply 304
that charges the capacitor 318. At the same time, the power
supply 304 delivers current through the path 324 to charge
the capacitor 314. The path 324, after passing through the
capacitor 314, proceeds through the return switch 336 via
the connection 330. A similar path through the diode 320 and
the return switches 334, and 336 i1s used to charge the
capacitor 310. The current that charges the capacitor 310
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proceeds through the connection 328 and then through the
return switches 334 and 336. The diodes 320 and 322 1solate
the power supply 304 from the pulse and ensure that the
current flows to the load 306 during discharge. At the same
time, the diodes permit the pulse to pass around any voltage
cell that 1s not functioning.,

10042] During discharge of the capacitors, the switches
308, 312, and 316 are turned on using the control signals
provided to the switch drives 338, 342, and 346, respec-
tively. At the same time, the control signals are delivered to
the switch drives 340, 344, and 348 to turn the return
switches 332, 334, and 336 ofl. When the return switches
332, 334, and 336 are turned ofl, the discharge current does
not flow through the return switches and 1s delivered to the
load 306.

10043] As illustrated in FIG. 3B, the connection 328 is
shown as a wire or short while the connection 330 1s
illustrated as an inductor. Typically, all of the connections 1n
the voltage cells are the same, but two types ol connections
are 1llustrated 1n this example to describe additional embodi-
ments of the mvention. When the connection 1s an mductor
like the connection 330, the timing between turning the
switch 316 on and the return switches off can be delayed. An
inductive connection 330 can increase the rise time of the
leading edge of the pulse.

[0044] For example, when the switches 308, 312, and 316
are turned on and the return switches 332, 334, and 336 are
also on, a current begins to build 1n the inductive connec-
tions like the connection 330. After allowing the inductance
to build, the return switches 332, 334, and 336 can be turned
ofl. There 1s thus a delay in turning the switches 308, 312,
and 316 off and turning the return switches 332, 334, and
336 on. The energy stored 1n the inductive connection 330
1s then added to the energy being discharged from the
capacitors 210, 314, and 318. Combining the inductive
energy of the inductive connection 330 with the capacitive
energy stored 1n the capacitors 310, 314, and 318 results 1n
a Taster rise time of the voltage pulse. One of skill in the art,
however, can appreciate that an inductive connection does
not require a delay to be incorporated between turning the
switches 308, 312, and 316 to an on state and turning the
return switches 332, 334, and 336 to an ofl state.

[0045] When the pulse generator is ready to terminate the
high voltage pulse, the switches 308, 312, and 316 are
typically turned ofl. The fall time of the high voltage pulse
can be improved by turning on the return switches 332, 334,
and 336. Opening the path through the return switches can
help discharge stray capacitance and/or load capacitance,
which improves the fall time of the high voltage pulse.

[0046] This example illustrates that the timing used to
control the main switches 308, 312, and 316 and of the
return switches 332, 334, and 336 can be used to control or
alter the rise time and/or the fall time of the resulting voltage

pulse. The shape of the voltage pulse can also be pro-
grammed 1n some embodiments.

10047] FIG. 4 illustrates a block diagram of a pulse
generator that includes multiple voltage cells (also referred
to herein as stages or sections). The example of the pulse

generator 1llustrated 1n FIG. 4 generates a positive voltage
pulse. FIG. 4 illustrates the voltage cells 474, 472, 470, and
468 that are connected as previously described using main
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switches 414, 416, 418, and 420 controlled by switch drives
448, 452, 456, and 460, and return switches 438, 440, 442,
and 444 controlled by switch drives 446, 450, 454, and 458.
In this example, the return path from the supply line 404
includes inductive connections 415, 417, and 419 from the
charging capacitors 422, 424, 426, and 426 through the
return switches.

10048] FIG. 4 further illustrates an auxiliary path 473 that
1s used by the power supply 466 to provide power to the

switch drives 446, 448, 450, 452, 454, 456, 458, and 460
(446-460). The auxiliary path 472 includes the auxiliary

diodes 476, 478, 480, and 482 (476-482). The auxiliary
diodes 476-482 help 1solate the power supply 466 and help
deliver pulse to the load 402.

[0049] The auxiliary diode string that includes the auxil-
1ary diodes 476-482 represent a voltage drop for each diode
in the diode string. Thus, the voltage available at a particular
stage may be aflected by the forward voltage drops of the
diodes 1n the diode string. The voltage provided by the
auxiliary power 466 simply provides suflicient voltage to
overcome the forward voltage drops of the diodes and/or the
charging switch voltage drops. If a large number of voltage
cells are included, boosting voltage supplies may be
included to provide adequate voltage levels.

[0050] The switch drives or switches 446-460, in one
embodiment, can be any type of solid state switches known
in the art. Bipolar junction transistors, field efiect transistors,
IGBTs, Darlington Bipolar transistor, solid state switches,
and the like are examples of switches that can be used as
described herein. Each voltage cell includes a switch drive
for a main switch and a switch drive for a return switch. For
example, the voltage cell 468 includes a switch drive 448
used to control the main switch 414. In this example, the
gate of the main switch 414 1s controlled by the switch drive
448. The switch drive 446 controls a state of the return
switch 438.

[0051] The voltage available to the switch drives 446-460
1s oiten reduced at successive switch drives by the voltage
drop across previous diodes 1n the diode string and switches.
Each switch drive can be driven from either ground or from
the previous voltage cell. In one embodiment, DC-DC
converters may be used to provide adequate voltage. In
another embodiment, the switch drives are optically coupled
from ground.

[0052] The energy storage capacitors 422, 424, 426, and
428 are charged by way of the diodes 406, 408, 410, and 412
and the return switches. Charging the capacitors in this
manner eliminates the use of inductors, resistors, or 1solated
supplies that are common 1n conventional Marx Generators.
In addition, the energy needed to drive the switches can also
be provided through the diode string 1n the auxiliary path
473, eliminating the use of inductors, resistors, or 1solated
supplies or step down supplies that may otherwise be
needed. The switches can be triggered by way of example,
fiber optic coupling, transformer coupling, or by the auxil-
1ary power diodes.

[0053] The diode string that includes the diodes 406, 408,
410, and 412 provides several advantages. First, the diode
string 1solates each voltage cell or voltage stage from other
voltage cells or stages during the pulse. The diode string may
also be, 1n some embodiments, an alternate current path
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around a particular voltage cell or stage of the switch for that
particular voltage cell 1s not turned on or 1s delayed. The
diode string enables a voltage pulse to be delivered even
though a voltage cell 1s delayed or fails.

[0054] FIG. 4 further illustrates balance networks 430,
432, 434, and 436. Each balance network typically includes
a capacitor in series with a resistor and each balance network
helps balance the stray capacitance to ground. The capaci-
tance 1n the balance networks helps to equally distribute the
voltages from section to section during the rise time and the
tall time of the voltage pulse. Because the stray capacitance
to ground associated with a particular voltage cell 1s typi-
cally different from the stray capacitance to ground associ-
ated with other voltage cells of the pulse transformer, the
capacitance and/or resistance of each voltage cell can be
adapted to match the stray capacitance “seen” by that
voltage cell. Thus the capacitance of the balance network
430 may be diflerent from the capacitance of the balance
networks 432, 434, and 436. The capacitance of each
balance network 1s selected to match the stray capacitance.
The resistance 1n each balance network helps reduce ringing
of the stray inductance and/or the stray capacitance. In an
alternative embodiment as shown 1n FIG. 8, a rninging circuit
may be included in one or more of the voltage cells of a
pulse generator to provide at least a smooth droop compen-
sation to the voltage pulse.

[0055] The power supply 462 can provide a source of
power at the high voltage end of the load 402. For example,
if the load 402 1s a pulsed tube, then the power supply 462
can provide power for the filament or heater of the pulsed
tube. Thus power supply 462 provides a power source at the
high voltage end without additional equipment.

[0056] FIG. 5 illustrates another embodiment of a pulse
generator. FIG. 5 1s similar to the pulse generator illustrated
in FI1G. 4, with the difference that the pulse generator 1n FIG.
5 generates a negative voltage pulse whereas the pulse
generator of FIG. 4 generates a positive pulse. The charging
diodes 502, 504, 506, 508, and 510 and the auxiliary diodes
512, 514, 516, and 518 are configured to accommodate a
negative power supply 500, 520. The switches and the return
switches are also adapted to a negative supply.

[0057] FIG. 6 illustrates an embodiment of a pulse gen-
erator that has a bipolar output. In other words, the pulse
generator 600 illustrated 1n FIG. 6 can generate both positive
and negative type voltage pulses. The bipolar pulses can be
generated by stacking voltage cells configured to generate a
positive voltage pulse 1n series with voltage cells configured
to generate a negative voltage pulse.

[0058] In FIG. 6 the positive voltage cells 618 generate a
positive type voltage pulse and the negative voltage cells
620 generate a negative type voltage pulse. The voltage cells
618 are 1n series with the voltage cells 620. In this example,
the diode string 602, which 1s used to charge the capacitors
in the voltage cells 618, 1s connected with the return line
switch string 604 of the voltage cells 620 via the connection
606. Similarly, the diode string 610, which 1s used to charge
the capacitors 1n the voltage cells 620, 1s connected 1n series
with the return line switch string 622 of the voltage cells 618
via the connection 608. The negative supply auxiliary diode
string 614 1s connected with the positive supply auxiliary
diode string 616 using an iverting DC-DC supply 612. All
of the capacitors 1n the positive voltage cells 618 and the
negative voltage cells 620 can be charged at the same time.
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[0059] FIG. 7 illustrates an embodiment of a pulse gen-
crator that includes droop correction. More particularly,
FIG. 7 1llustrates droop correction for a negative type pulse
generator. The embodiment of the pulse generator 1llustrated
in FIG. 7 includes a plurality of voltage cells 714 as
previously described. In this example, the voltage cells 714
are connected with a series of cells 702 that are different
from the voltage cells 714.

[0060] In this example, the voltage cells 702 are config-
ured such that they charge in series and discharge 1n parallel.

The switch drives 708, 716, 718, 720, and 722, control the
switches 706, 732, 734, 736, and 738 such that the capacitors
704, 724, 726, 728, 730, and 740 charge in series. At the
same time, the storage capacitors of the voltage cells 714 are
charging in parallel. However, the voltage cells 702 are
configured to provide droop correction.

[0061] When the switches in the voltage cells 702 are on,
the capacitors charge 1n series. During the voltage pulse, the
voltage cells 702 can be discharged such that the shape of the
voltage pulse can be adjusted. In one embodiment, the droop
can be corrected across the entire pulse by controlling or
delaying the discharge of the capacitors in the voltage cells

702.

[0062] In another embodiment of the invention, the pulse
may drive a pulse transformer with a core that needs to be
reset. A reset supply could be included 1n series with the
ground end of the charging switch to provide the core reset
current. This eliminates the need to have a core reset
inductor.

[0063] FIGS. 8A through 8D illustrate additional embodi-
ments of a voltage cell including circuit that provides droop
compensation. FIGS. 8A through 8D also illustrate the
ability to 1solate a defective or non-functioning voltage cell.
When a pulse generator 1s constructed, 1t may include a
plurality of voltage cells. Embodiments of the invention
provide droop compensation by including a ringing circuait.
However, only one or a few of these voltage cells need to
have a ringing circuit 1n order to provide droop correction or
droop compensation. The majority of the voltage cells can
be as described herein and do not necessarily need to include
the ringing circuit.

[0064] In this example, the capacitors 802 are used to store
the charge that 1s delivered to a load. Other capacitors 1n the
serially connected voltage cells also store charge that will be
delivered to the load as a voltage pulse. As previously
described, the capacitors 802 can be charged in series as the
current tlows from the charging source 824 through the
diode 836. The current used to charge the capacitor(s) in the
voltage cell 820 flows from the charging power 824 through
the return switch 814, which 1s on, and up to the voltage cell

820 and then back through the diode string 822 to the
charging power 824.

[0065] In this manner, the capacitors 802 are charged, as
illustrated 1in FIG. 8 A, when the main switch 816 1s off and
the return switch 814 1s turned on. When the return switch
1s turned on 1n this manner, current can flow to the capacitors
in the next voltage cell 820. Because the main switches 1n
the series connected voltage cells are turned ofl, the capaci-
tors 802 do not discharge. The current through the return
switch 814 can return through the diode string 822. In this
manner, the capacitors 1 the voltage cells are charged
ellectively 1n parallel by the charging power supply 824.
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[0066] The voltage cell 800 in FIG. 8A also illustrate an
inductor 812, a capacitor 810, and diodes 804, 806, and 818.
The diodes 818 and 806 prevent the capacﬁors 802 from
discharging. When the main switch 816 is turned on, the
diode 804 prevents the current stored 1n the capacitors from
discharging through the capacitor 810 and insures that the
voltage pulse 1s delivered to the load.

[0067] As previously indicated, a voltage pulse may begin
to droop over time. The ringing circuit that includes the
capacitor 810 and the inductor 812 can provide droop
compensation that 1s smoother than the droop compensation
illustrated in FIG. 7. In this case, as the capacitors 802 begin
to discharge, the ringing circuit begins to ring, creating a half
sine wave 1 one embodiment that provides droop compen-
sation to the voltage pulse. Advantageously, this provides
smooth droop compensation in one embodiment rather than
jagged or saw tooth compensation to the voltage pulse.

[0068] More specifically, FIG. 8B illustrates a voltage cell
that 1s discharging and prowdmg droop compensation. In
this example, the main switch 816 is turned on and the return
switch 814 1s turned ofl. Thus, the capacitors 802 of the
serially connected voltage cells 800, 820 (additional voltage
cells may be similarly connected as previously described)
are connected and are discharging through the open switches
to the connected load, which may be in parallel to the
serially connected voltage cells.

[0069] In a voltage cell that includes a ringing circuit, the
diodes 842, 836, and 840 enable the capacitors 802 to charge
in series and also cause the capacitors to discharge in
parallel. Although the capacitors 802 1n the cell 800 charge
in series, the capacitors 802 are charging in parallel with
other capacitors 1n other voltage cells as previously

described.

[0070] As a result, the voltage cell 800 1s connected with
the ringing circuit such that when the switch 816 1s turned
on, the capacitors have hall of the voltage. The ringing
circuit begins to ring and the capacitor 810 1s charged to
twice the voltage. The capacitor 810 thus charges 1n a sine
wave and provides smooth boost compensation to the volt-
age pulse. In this example, the circuit 838 includes diodes
and resistors that provide a path for the charge to discharge
in parallel.

[0071] The droop compensation or droop correction is
provided by the ringing circuit. In this example, the inductor
812 and the capacitor 801 begin to ring and as the capacitor
810 begins to charge, 1t can discharge through the switch
816, which 1s on, and to the load. The ringing has the eflect
of providing droop compensation to the voltage pulse. By
varying the values of the capacitor 810 and of the mductor
812, the droop compensation can be selectively provided
and controlled. In other words, the capacitor 810 begins
discharging after the capacitors in other voltage cells are
discharging, thereby compensating for voltage droop 1n the
voltage pulse.

[0072] FIGS. 8C and 8D illustrate the ringing circuit after

the main switch 816 1s turned ofl after the pulse 1s provided.
When the main switch 816 is turned off (along with the main
switches 1n other voltage cells), the ringing circuits of the
voltage cells become 1solated. The residual current 1n the
inductor 812 or charge 1n the capacitor 810 discharges 1n the
ringing circuit in an 1solated manner. FI1G. 8C, for example,
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illustrates that the current 828 discharges from the capacitor
810 through the diode 818. FIG. 8D, on the other hand,
illustrates that the current in the inductor 812 discharges to
the capacitor 810 through the diode 806. In this manner, the
ringing circuit illustrated 1 FIGS. 8A through 8D 1s an
example of providing smooth droop compensation to a
voltage pulse.

10073] FIG. 8D also illustrates an embodiment of the
invention that can 1solate a defective cell or 1solate a cell that
may not be functioning correctly without having an adverse
impact on the generation of a voltage pulse. In this case, the
return switch illustrated in FIG. 8D (and 1n other Figures)
includes a diode 832. If the return switch does not include
such a diode, the diode 834 can be included 1n the voltage
cell across the return switch 1n this example. The diode 832
provides a path for the discharge current when the return
switch 814 1s off and the cell 1s defective. Thus, the diode
832 or 834 becomes an 1solation diode that enables the pulse
to be delivered when a particular voltage cell 1s inoperative
for various reasons.

[0074] Usually, when the voltage cell 800 is operating
normally, the diode 832 or 834 1s reverse biased during
discharge such that current discharges through the capaci-
tors. When the cell 1s detective, the switch 816 can be turned
ofl and this enables the discharge current to pass around the

defective voltage cell through the diode 832 or 834.

[0075] When the return switch is on to permit charging of
the capacitors 802, the main switches are ofl and the current
1s prevented from discharging through the diode 832
because the voltage cells are effectively i1solated when the
main switches are ofl and the diode 832 1s reversed biased.
Alternatively, the discharge current can be delivered through
the diode string 822.

[0076] Inone embodiment, a pulse generator that includes
multiple voltage cells can be constructed. Such a pulse
generator has multiple redundancy that provides protection
for several events. If a voltage cell 1s defective, the amount
of charge initially stored in the capacitors of the remaining
voltage cells can be altered such that the voltage pulse 1s not
allected. In this case, the pulse generator may include more
voltage cells than are required for a particular duty. Also, the
voltage cells are constructed 1n a manner that permits the
voltage pulse to be delivered even when a cell 1s defective.
In other words, embodiments of the invention provide cell
isolation and redundancy.

[0077] Embodiments of the invention provide several
advantages and benefits. The shape of the pulse as well as
the rise time and the fall time can be programmed or
controlled. For example, the rise time and fall time can be
controlled by selection of the components in the ringing
circuit. The rise time and/or the fall time can also be
controlled by timing when the main switches and/or the
return switches are turned on/ofl. In addition the length of
the pulse can also be programmed.

[0078] For example, a pulse generator typically includes
enough voltage cells to generate a wide range of voltage
pulses. In some 1stances, not all of the voltage cells may be
needed to generate a particular pulse. By controlling the
timing of the main switches and the return switches can
control the length of the voltage pulse. In another example,
by turning the return switches on at the end of the pulse, the
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fall time of the voltage pulse can increase because any
residual voltage has another path 1 which discharge can
OCCur.

[0079] The present invention may be embodied in other
specific forms without departing from 1ts spirit or essential
characteristics. The described embodiments are to be con-
sidered 1n all respects only as 1llustrative and not restrictive.
The scope of the mvention 1s, therefore, indicated by the
appended claims rather than by the foregoing description.
All changes which come within the meaning and range of
equivalency of the claims are to be embraced within their
scope.

What i1s claimed 1s:
1. A pulse generator that generates a voltage pulse, the
pulse generator comprising;:

a plurality of first voltage cells, each voltage cell having
a capacitor in series with a main switch such that all
capacitors are connected in series when all main
switches are on to generate a voltage pulse that 1s
delivered to a load:;

a plurality of return switches, each return switch associ-
ated with a voltage cell, wherein the return switches
enable each capacitor in the plurality of voltage cells to
charge while each main switch 1s 1n an ofl state; and

an 1solation diode associated with each return switch,
wherein the isolation diode provides a path for the
voltage pulse when a corresponding voltage cell 1s
inoperative.
2. A pulse generator as defined 1n claim 1, further com-
prising:

a second voltage cell connected 1n series with the plurality
of voltage cells, the second voltage cell including:

a pair of capacitors 1n series with a second main switch;
and

a ringing circuit that provides droop compensation to the

voltage pulse.

3. A pulse generator as defined 1n claim 2, wherein the pair
of capacitors are connected such that the pair of capacitors
charge 1n series with the capacitors in the plurality of first
voltage cells and discharge 1n parallel to the ringing circuit.

4. A pulse generator as defined 1n claim 3, wherein the
ringing circuit includes:

an 1nductor 1n series with the pair of capacitors; and

a ringing capacitor in parallel with the inductor, wherein
the ringing capacitor charges to twice a value of the pair
ol capacitors and provides droop compensation to the
voltage pulse.

5. A pulse generator as defined 1n claim 1, wherein the
ringing circuit provides smooth compensation by generating,
a halfl sine wave voltage output.

6. A pulse generator as defined 1n claim 1, wherein the
isolation diode 1s reverse biased during normal operation
such that the voltage pulse does not discharge through the
1solation diode.

7. A pulse generator as defined 1n claim 3, wherein the
1solation diode 1s not reversed biased during discharge and
while a main switch 1s ofl, wherein the discharge current of
the voltage pulse has a path through the 1solation diode such
that the corresponding voltage cell 1s 1solated.
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8. A pulse generator as defined 1 claam 1, wherein a
voltage ol at least one other voltage cell 1s adjusted to
compensate for voltage lost 1n a defective voltage cell.

9. A pulse generator as defined 1n claim 1, further com-
prising:

a first diode string used to charge each capacitor in the
plurality of voltage cells; and

a second auxiliary diode string to provide power to each
main switch and to the plurality of return switches.

10. A pulse generator as defined in claim 1, wherein a
charging source provides a charging current that passes
through each of the return switches to charge the capacitors
in the plurality of first voltage cells.

11. A pulse generator as defined 1n claim 1, wherein
control signals are used to turn the main switches and the
plurality of return switches on or ol 1n order to control a rise
time or a fall time of the voltage pulse.

12. A pulse generator that generates a voltage pulse that
1s applied to a load, the pulse generator comprising:

a plurality of voltage cells connected 1n series, each
voltage cell comprising:

a capacitor;
a main switch 1n series with the capacitor;

a return switch that provides a return path for current
that charges the capacitor when the main switch 1s
off, and

an 1solation diode connected across the return switch,
wherein the 1solation diode provides a discharge path
for a discharge current of a voltage pulse when the
voltage cell 1s defective such that the voltage pulse 1s
delivered to the load; and

wherein capacitors in the plurality of voltage cells are
connected 1n series when the main switches are on and,
when the main switches are on and the capacitors are
connected 1n series and are discharging to the load, the
1solation diodes enable delivery of the voltage pulse by
providing the discharge path around defective voltage
cells.

13. A pulse generator as defined 1 claim 12, further
comprising a {irst switch drive that controls the main switch
and a second switch drive that controls the return switch.

14. A pulse generator as defined 1n claim 13, wherein the
first switch drive and the second switch driver are controlled

with control signals in order to control one or more of:

a rise time of the voltage pulse;
a duration of the voltage pulse;
a Tall time of the voltage pulse;
droop compensation to the voltage; or

a shape of the voltage pulse;

15. A pulse generator as defined i claim 12, further
comprising

a first diode string used to charge the capacitors in the
plurality of voltage cells; and

a second auxiliary diode string to provide power to each
main switch and to the return switches.
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a second voltage cell that provides droop compensation to
the voltage pulse by generating a half sine wave voltage
using a ringing circuit.

18. A voltage pulse generator as defined 1 claim 17,

wherein the second cell comprises:

16. A pulse generator as defined 1n claim 135, wherein each
main switch 1s powered thorough an auxiliary diode string
and wherein the control signals are optically coupled to each
main switch and to each return switch.

17. A voltage pulse generator for generating a voltage

ulse, the voltage pulse generator comprising: . .
P 8¢ P 8 P - a second main switch:

a plurality of first voltage cells each having a main switch
and a capacitor 1n series such that each main switch and
cach capacitor 1s 1n series with other main switches and
other capacitors 1n other first voltage cells when the

at least a pair of capacitors 1n series with the main switch
and connected using a plurality of diodes such that the
pair of capacitors charge in series and such that the pair

main switches are on, wherein the capacitors are 1so-
lated from each other until the main switches are turned
on such that the sernially connected capacitors deliver a
voltage pulse without using transformers;

of capacitors charge in parallel with respect to the
capacitors 1n the plurality of first voltage cells, wherein
the plurality of diodes are arranged such that the pair of
capacitors discharge 1n parallel when the second main
switch 1s on; and

a diode string connected with the plurality of first voltage o o | |
cells: a ringing circuit connected to the pair of capacitors,

wherein the ringing circuit rings when the pair of

a plurality of first return switches included 1n the plurality capacitors discharge to generate a sine wave voltage

of first voltage cells, wherein a charging current passes
through the first return switches and the diode string
such that the capacitors in the plurality of first voltage

that provides droop compensation to the voltage pulse,
the ringing circuit including an inductor 1n series with
the pair of capacitors and a third capacitor across the

cells are charged in parallel; pair of capacitors.

19. A voltage pulse generator as defined 1 claim 17,
further comprising ringing diodes that are connected

discharge path is provided for a discharge current when between the ringing circuit and the pair of diodes such that
a corresponding voltage cell is inoperative and that energy 1n the inductor or 1n the third capacitor can discharge
prevents discharge of the corresponding capacitor of into the pair of capacitors when the main switch 1s turned off.

the corresponding voltage cell during normal opera-
tion; and £ % % % %

a plurality of 1solation diodes, each 1solation diode con-
nected with a particular return switch such that a
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